By using the diffracted field of the LP 11 mode of a hollow-core optical fiber, we have produced a micrometersized, focused dark laser spot in the near field of the fiber. The minimum half-width of the dark spot is less than 1 mm. In particular, by masking the hollow core and metal coating the cladding with a microsphere, we blocked the light propagating in the cladding and obtained a clean dark spot, which may be useful in atom-optical experiments such as with atomic lenses, atom traps, and atom switches.
A dark hollow beam (DHB) is a laser beam whose intensity along the central axis vanishes and that is doughnut shaped. It has been used for guiding, 1,2 focusing, 3, 4 and trapping neutral atoms by dipole force. 5, 6 These applications utilize the fact that atoms in the laser beam tuned above atomic resonance are subject to an optical dipole force toward the weak-field-seeking dark region. A DHB has the advantage of suffering the least light-induced destructive scattering with respect to the red-detuned Gaussian beam where atoms remain in the high-intensity region.
Several methods of generating a DHB, such as computer-generated holography, 7, 8 mode conversion from Hermite -Gaussian to Laguerre-Gaussian by use of two cylindrical lenses, 9 geometrical methods with a double-cone prism 10 or an axicon 2, 11 and use of a hollowcone optical f iber 12 (HOF), have been developed. In particular, a small dark spot is not only of general interest but also of practical use for such atom-optical applications as a microscope atom lens that focuses atoms to a small spot or as a dipole-force microtrap that combines several beams. However, it is generally difficult, sometimes even impossible, to make a focused dark spot by conventional methods.
In this Letter we present a novel and convenient scheme for producing a diffraction-limited DHB with a submicrometer-sized dark spot by use of the light f ield diffracted from a HOF. The HOF spontaneously generates a focused dark spot as the light propagates in free space when the appropriate optical modes are excited and guided in the HOF. In particular, we have produced a clean dark spot by masking the hollow core and then metal coating the cladding with a microsphere, thereby blocking the scattered light guided in the cladding.
We found that the propagation characteristics of the light diffracted by a fiber facet are different from those of a mode guided inside a HOF. 13, 14 For example, the lowest LP 01 mode of the HOF, which is cylindrically symmetric and used for evanescent-wave guiding of cold atoms, 15, 16 diffracts in a way such that the dark spot disappears and a central bright spot develops as a result of constructive interference. The next-excited LP 11 mode, however, which has a line of nodes, diffracts while the central dark region is preserved.
Yoo and co-workers 13, 14 characterized the output f ield distribution of a few excited HOF modes and demonstrated a novel method of generating a doughnutshaped DHB by superposing two LP 11 modes that have perpendicular polarization, a useful method for high-efficiency coupling of cold atoms into the HOF to realize a bright, tightly focused cold atomic beam. Moreover, it is also expected from numerical simulations that there will exist a diffraction-limited focused dark spot near the f iber facet. However, it has been diff icult to measure the exact size of the dark spot directly because of the presence of scattered light guided in the f iber cladding [ Fig. 1(a) ].
From a practical point of view, leakage of light from the cladding region on the fiber facet is the main obstacle to obtaining good optical quality in a diffracted DHB because a short fiber is generally used for atom-optical experiments, in which contamination caused by the leaked light is inevitable. To produce an ideal DHB with a HOF requires that the cladding-guided light be blocked such that unwanted scattering can be avoided. For this purpose, a microsphere is employed as an evaporation mask for the core of the HOF.
We used a step-index hollow f iber with hollow diameter 2a Ӎ 4.8 mm and core thickness d Ӎ 3.8 mm; the refractive index of the core was n 1 1.45, with Dn ϵ ͑n 1 2 n 2 ͒͞n 1 0.004, where n 2 is the refractive index of the cladding. Because the difference in the refractive indices of the core and the cladding is small, a weakly guiding approximation can be applied. the excited mode is well described by the dominant transverse component, called a linearly polarized LP lm mode, 18 where l ͑m͒ is the azimuthal (radial) mode number.
The diffracted laser field can be calculated by use of the Rayleigh -Sommerfeld diffraction integral 13, 19 U ͑x, y, z͒ z 2p
where U 0 ͑x 0 , y 0 ͒ is the electric f ield distribution at the fiber facet (z 0 plane), ͑x 0 , y 0 ͒ is the transverse coordinate at the facet surface, r ͓z 2 1 ͑x 2 x 0 ͒ 2 1 ͑ y 2 y 0 ͒ 2 ͔ 1͞2 is the distance to the observation point, and k 2p͞l is the wave vector. The numerical calculation is straightforward, and the result can be compared with experimental results (Fig. 2) . Because the intensity of the diffracted LP 11 mode has cos 2 u angular dependence (u is the azimuthal angle), it has a note line, which causes a loss of the guided atoms. If one superposes two LP 11 beams orthogonally to each other, however, the output laser intensity is given by I jU 1 ͑r͒cos ux 1 U 2 ͑r͒sin uŷj 2 . If two diffracted beams have equal intensity, that is, if U 1 ͑r͒ U 2 ͑r͒, then I jU 1 ͑r͒j 2 , which can provide an ideal, freely propagating DHB for eff icient atom guiding. If the intensities of two diffracted beams are slightly different, the beam prof ile will exhibit a nonuniform radial-intensity distribution, depending on the azimuthal angle.
By using the microcollimation and microimaging technique for the excited modes of the HOF, 12 one can image the f ield distribution of the LP 01 mode on the fiber facet, as shown in Fig. 1(a) . Obviously we can observe the scattered light on the cladding surface, and that light causes the purity of central dark region to deteriorate as it diffracts. We block the cladding-mode light by selectively metal coating the cladding on the fiber's facet with a microsphere used as an evaporation mask. We f irst attach the microsphere on the fiber center masking the hollow core, evaporate a thin film of aluminum, and then remove the microsphere afterward.
A 20-mm-diameter microsphere is used effectively to mask the hollow core (as well as the immediate neighborhood of the cladding) that has a diameter of 2a 1 2d Ӎ 12.3 mm. In Fig. 1(c) the SEM image shows that the microsphere is positioned well on the fiber center. Once it is attached to the f iber, the van der Waals force holds the sphere tightly in its position. A more-detailed SEM picture of the facet after the microsphere, i.e., the metal-coated HOF facet, is removed is presented in Fig. 1(d) . Figure 1(b) shows that the cladding-mode light is completely blocked by the procedures described.
We measured the beam prof iles and the dark hollow size of the diffracted LP 11 mode (note that, as we routinely produce a cylindrical DHB by superposing two LP 11 modes as discussed above, here, for simplicity, we present the beam characteristics of a given LP 11 mode). In our microimaging process, 9,10 we use a 403 objective lens (focal length, 4.5 mm) and a 780-nm diode laser. The distance between the imaging screen and the lens is 2.6 m, which is in the far f ield of the HOF 1 lens system, so the cross-sectional beam prof ile on the focal plane can be imaged onto the screen. By moving the lens in steps of 5 mm, we obtained the images from z 0 to z 100 mm, where z is equivalent to the distance measured from the fiber end. The cross-sectional beam prof iles are recorded by a charge-coupled device camera and analyzed by an image processor with careful calibration that includes the magnification ratio.
From Fig. 3(a) we can observe the beam-propagation characteristics of the freely diffracting DHB: Whereas the bright ring on the f iber end facet is diminished, new peaks are developed from the center near 30 mm, maintaining the dark region along the axis (the inner peaks diverge with a diffraction angle of 40 mrad). In particular, the dark spot is preserved along the central axis even when the DHB is spontaneously focused as a result of diffraction. The experimental results are in good agreement with the numerical simulations obtained by the Rayleigh -Sommerfeld theory, as is also shown in Fig. 3(a) . Figure 3(b) shows the radial intensity distributions at z 15, 20, 25, 30 mm. Note that the central dark region near z 30 mm is slightly contaminated, which may be associated with the intensity imbalance of two peaks, a slight excitation of LP 01 mode, or the resolution limit of imaging system.
To estimate the size of the dark hollow region, we fit the measured prof ile for a given z with two independent Gaussian curves and def ine the radius of dark spot R max as a half of the distance between the central maxima of the curves. As shown in Fig. 2 , the minimum radius of a dark spot is ϳ2 mm, which is similar to the hollow radius a itself. As an alternative def inition to characterize the dark spot we also fit the dark region prof ile between the two curves with an inverted Gaussian curve and estimate the half-width of dark spot w as the half-width at half-maximum of the single inverted Gaussian. In this way, as in Fig. 2 , we obtain that the smallest value of w is less than 1 mm (ϳ0.8 mm near z 35 mm).
In conclusion, we have produced a micrometer-sized, diffraction-limited dark laser spot along the propagation axis of the light diffracted by a HOF. With the LP 11 mode excited in the HOF, the transition from decreasing outer peaks to increasing inner peaks is clearly observed. In particular, by using a microsphere as an evaporation mask of the core, we successfully blocked the scattered light in the cladding and obtained a good-quality DHB. By numerical calculations, we found that the detailed pattern of beam propagation is highly sensitive to the dimension of the hollow radius and the core thickness, which means that the size of the minimum dark spot and the diffraction angle of the DHB can be experimentally controlled. A small focused dark spot on a DHB may be useful in atom-optical experiments, such as with atomic lenses, atom traps, and atom switches.
